We describe the case of a child ("S") who was treated with radiation therapy at age 5 for a recurrent malignant brain tumor. Radiation successfully abolished the tumor but caused radiation-induced tissue necrosis, primarily affecting cerebral white matter. S was introduced to us at age 15 because of her profound dyslexia. We assessed cognitive abilities and performed diffusion tensor imaging (DTI) to measure cerebral white matter pathways. Diffuse white matter differences were evident in T1-weighted, T2-weighted, diffusion anisotropy, and mean diffusivity measures in S compared to a group of 28 normal female controls. In addition, we found specific white matter pathway deficits by comparing tensororientation directions in S's brain with those of the control brains. While her principal diffusion direction maps appeared consistent with those of controls over most of the brain, there were tensor-orientation abnormalities in the fiber tracts that form the superior longitudinal fasciculus (SLF) in both hemispheres. Tractography analysis indicated that the left and right arcuate fasciculus (AF), as well as other tracts within the SLF, were missing in S. Other major white matter tracts, such as the corticospinal and inferior occipitofrontal pathways, were intact. Functional MRI measurements indicated left-hemisphere dominanance for language with a normal activation pattern. Despite the left AF abnormality, S had preserved oral language with average sentence repetition skills. In addition to profound dyslexia, S exhibited visuospatial, calculation, and rapid naming deficits and was impaired in both auditory and spatial working memory. We propose that the reading and visuospatial deficits were due to the abnormal left and right SLF pathways, respectively. These results advance our understanding of the functional significance of the SLF and are the first to link radiation necrosis with selective damage to a specific set of fiber tracts.
Introduction
Cranial irradiation is an effective treatment for primary and metastatic central nervous system tumors (e.g., Jenkin, Danjoux, & Greenberg, 1998; Waber et al., 2001) . However, it is well-known 2005; Reddick et al., 2006) . Indeed, significant neuropsychological deficits are found in virtually all long-term survivors of childhood medulloblastoma treated with cranial irradiation (Walter et al., 1999) .
Here we describe the case of a child (referred to as "S") who was treated with whole-brain radiation therapy at age 5 for the recurrence of a malignant tumor in her upper spine and brain. The radiation treatment resulted in clinical remission, but left her with radiation-induced tissue necrosis, especially in the white matter of the brain. She was introduced to us at age 15 due to her extreme difficulties with learning to read. Damage produced as a result of radiation treatment is usually selective to white matter (Valk & Dillon, 1991) , so we performed diffusion tensor imaging (DTI) to assess the state of white matter pathways and their connections in her brain. Most major white matter pathways were intact in S, but she was missing much of the superior longitudinal fasciculus (SLF), a major set of connections between lateral-frontal language areas and language regions in the parietal and temporal lobes that include the arcuate fasciculus (AF). We further characterized her cognitive strengths and weaknesses with neuropsychological testing, and confirmed the location of key language regions using functional MRI.
Methods

Control group
The control group was originally recruited for a longitudinal study of reading development. The data used here are from the first measurement in that longitudinal study. The group consisted of 54 children (25 males) ages 7-12 (median age 10.1). From this group we created two control groups; the first using the entire group of 54 and the second using only the 28 subjects who were female with basic reading scores greater than 90 (median age 9.7, range 7-12). Although results using either group as the control were virtually identical (compare Supplementary Fig. 1 and Fig. 3D ), all data and figures presented here represent only the sex-matched control group, which does not include any children who meet the diagnostic criteria for dyslexia. All subjects were physically healthy and had no history of neurological disease, head injury, attention deficit/hyperactivity disorder, language disability, or psychiatric disorder. All subjects were native English speakers and had normal or corrected-to-normal vision and normal hearing. The Stanford Panel on Human Subjects in Medical and Non-Medical Research approved all procedures. Written informed consent/assent was obtained from all parents and children.
Although the control group used in this study is somewhat younger than the chronological age of S at the time of testing (15 years, 11 months), we believe that this group is representative of her developmental stage, due to her small physical stature and delayed puberty, which are a result of abnormal endocrine levels following radiation treatment. The brain undergoes major morphological changes during puberty (Sisk & Zehr, 2005) , and the interaction of delayed brain development and puberty may play a key role in learning problems (Wright & Zecker, 2004 ); thus we believe that a younger control group provides the proper comparison for anatomical development in S. Furthermore, to rule out age as an explanation for the differences that we observe in S's brain, we also compared neurologically normal young adults to the younger control group. These subjects were recruited from the local community, also as part of a study of reading.
Subject S 2.2.1. Early development
S's early development was reported to be normal. There is no history of learning disability, language disability or developmental delay in her family. Her mother reported that before her diagnosis S was able to identify most letters of the alphabet by sight and that she was beginning to read words and had a sight-word vocabulary of about 16-20 words. About one month after her fourth birthday, S was diagnosed with a primitive neuroectodermal tumor (PNET) in the C5-C7 region of her spinal cord.
Treatment
Following surgical resection of the primary tumor and systemic chemotherapy, tumor cells were discovered in the cerebrospinal fluid. Intrathecal methotrexate chemotherapy only temporarily stopped the progression of the disease, leading to a full relapse less than a year after the tumor resection. Approximately 3 months before her fifth birthday, S received total neuraxis radiation treatment of 4080 rad, with a spinal boost to T5 (the largest tumor site of the relapse), for a total of 5040 rad. Doses of radiation were administered twice a day over the course of 4 weeks.
Craniospinal radiation therapy resulted in immediate regression of the tumor but eventually led to late-delayed reactions, including frank radiation necrosis. Radiation treatment was followed by high-dose chemotherapy with stem-cell rescue as a precautionary measure.
Sequelae of treatment
Although there has been no recurrence of the tumor, S has experienced other medical and cognitive complications. Secondary to spinal difficulties, she underwent an anterior and posterior spinal fusion soon after her seventh birthday. She had a halo placed when she was 8 years of age, from which she developed an epidural hematoma in the right parietal area resulting in a coma of several hours. She then developed seizures and was medicated with phenytoin for a period of time. Medical reports indicate that "she recovered well from that episode, and there was no loss of skill that the family noted". She suffered some high-frequency hearing loss in her left ear following the epidural hematoma. S was monitored for several years with a series of annual follow-up MRIs to confirm that her condition was stable, as it remains today.
Growth and physical development
As a result of radiation treatment, S developed hypothalamic-pituitary hormonal dysfunction with resulting hypopituitarism, for which she has been treated since age 5 with the following medications: Synthroid (levothyroxine) for central hypothyroidism (since age 5), Humatrope (recombinant growth hormone) for growth hormone deficiency (since age 6), Cortef (hydrocortisone) for ACTH-cortisol insufficiency (since age 9 years, 7 months), Premarin (estrogen) for central hypogonadism (since age 14 years, 2 months), and Provera (progestin) for menstrual cycling (since age 14 years, 6 months).
All of the above conditions are a result of hypopituitarism related to radiation treatment, which has led to delayed physical development and decreased growth in S despite appropriate medication. S has been below the 5th percentile in height and at approximately the 10th percentile in weight since treatment. At age 11 years, 8 months, X-rays showed a bone age of 10.5 years. S reached Tanner Stage 2 of thelarche (mean age 11 years, 1 month) at age 11, and Tanner Stage 2 of pubarche (mean age 11 years, 8 months) at age 13 years, 1 month (see Marshall & Tanner, 1969 for norms).
At age 12 years, 6 months, she was diagnosed with "arrested pubertal development". At age 14 years, 2 months, gonadotropin response to LHRH (luteinizing hormone releasing hormone) stimulation testing showed "dysregulation and disruption of the normal neuroendocrine pathways by her cranial irradiation", and Premarin was started to replace normal production of gonadotropins. Onset of menses occurred with start of Provera at age 14 years, 5 months. In comparison, the average age of menarche in US girls is 12 years, 5 months, with 90% of all US girls having undergone menarche by age 13 years, 9 months (Chumlea et al., 2003) .
In summary, S has displayed delayed physical development and delayed puberty. Despite medications, S's physical development has never fully recovered, being at the 5th-10th percentile in weight (43.5 kg) and less than the 5th percentile in height (136.5 cm) at time of scanning. For comparison, her weight of 43.5 kg is typical of a 12-to 12.5-year-old, while her height of 136.5 cm is typical of a 9.5-10 year old girl [norms from National Center for Health Statistics, 2007 ]. S's brain volume was 1386 cc at time of testing, which falls in the 36th percentile of the control group's brain volumes (mean 1400 cc, S.D. 99.6).
Education
Despite requiring these significant medical interventions, S did not miss a considerable amount of school. Her initial diagnosis occurred when she was 4 years of age. Therefore, her expected enrollment into a small private pre-school was delayed by 1 year, to the age of 5. She began kindergarten at age 6, missing only 4 months at the end of kindergarten due to medical interventions. She started the 1st grade the following year and completed the year without any interruption. The only other school interruption occurred in December of 2nd grade but was limited to approximately 3 weeks around the winter break. From 2nd grade until the present (S is currently in 11th grade) there have been no interruptions in her educational experience. In summary, we would not expect her profound dyslexia and other cognitive deficits to be due to missing several months of kindergarten, although subtle effects cannot be ruled out.
White matter damage following radiation therapy was initially progressive, as was the development of large cystic regions in the left frontal and parietal lobes (compare Figs. 1 and 2 ). S has also suffered several cognitive problems. Her most profound deficits are in reading acquisition and visuospatial processing, despite extensive reading remediation as well as math interventions. Since Kindergarten she has been in the public school system, and an Individual Education Program (IEP) allows for reading and math services during the day. She is in regular classes with an individual aide for all other subjects. S has undergone several speech and language screenings by the school district but never qualified for services.
S participated in the Lindamood-Bell ® (LB ® ) Learning Processes (LindamoodBell, San Luis Obispo, CA) programs on multiple occasions. LB ® 's programs are based on the premise that reading requires the integration of sensory-cognitive functions and skills. S received a combination of two of their programs: (1) LiPS ® (Lindamood Phonemic Sequencing for Reading Spelling and Speech), which promotes phone- Fig. 1 . T2-weighted scans from S at age 5, shortly after completion of radiation therapy (slices are approximately Z = 0 through Z = 60). The cystic lesions had not formed by this time, but regions of white matter damage are evident (white arrows). mic awareness, and (2) Seeing Stars TM (Symbol Imagery for Sight Words, Reading, Phonemic Awareness, and Spelling), which targets word identification and reading fluency. In the fall of 1999, when S was in the 3rd grade, she had one semester of LB instruction 2 h per day. By January of 2000 she had received 60 h of LiPS ® and 105 h of SI TM . In the summer of 2000, after 3rd grade, S attended an LB clinic 4 h per day for 6 weeks and received a total of 58 h of LiPS ® and 58 h of SI TM . In the 8th grade (2004), she was administered LB for 2 h per day for one semester and received 160 h of SI TM . In the 9th grade (2005), she was administered 1 year of LB for 2 h each day, and received 310 h of SI TM . In the 10th grade, she received assistance with writing strategies by an LB consultant.
Pre-and post-testing of S's reading skills were assessed using the Gray Oral Reading Test-3 (GORT-3) (Wiederholt & Bryant, 1994) and Gray Oral Reading Test-4 (GORT-4) (Wiederholt & Bryant, 2002) , the Wide Range Achievement Test-3 (WRAT-3) Reading subtest (Wilkinson, 1993) , the Woodcock Reading Mastery Test-Revised (WRMT-R) (Woodcock, 1987) Word Attack subtest. Examining all reading scores, it is evident that S demonstrated a flat learning curve based on her raw scores and a widening gap between her and same age peers over time based on her age corrected percentile scores (Table 1) .
When S was in the 9th grade, her mother administered Read Naturally, a computerized reading fluency program (Ihnot, Mastoff, Gavin, & Hendrickson, 2001) . The participant practices reading the same stories multiple times with the goal of increasing reading speed. S practiced at the 1st grade level and improved her speed on average by 55-69 words per minute. The program is not designed to improve reading accuracy. There was no formal pre-and post-testing administered.
In 10th grade she began a computerized math intervention program (Math Concepts and Skills 2) from SuccessMaker ® Enterprise (Pearson Digital Learning, Pearson Education Inc., Phoenix, AZ) for one class per day; she also worked on it at night and on the weekends. The computer program started at the 3.0 grade level and was adjusted to the 3.5 grade level after administering a series of calculations to S. S spent approximately 83 h on this program which covered computations (addition, division, multiplication, and subtraction) and applications (geometry, measurement, number concepts, probability and statistics, problem solving, science applications, word problems). By the end of the program S's cumulative performance was at the 4.9 grade level. There was no formal pre-and post-testing administered.
Past neuropsychological assessments
S is a right-handed female who was 15 years, 11 months at the time of our neuropsychological evaluation and DTI and fMRI scans. She had previously undergone neuropsychological evaluation at age 11 and a psycho-educational evaluation at age 13. These past assessments were notable for verbal abilities within the average range with significantly lower visuospatial and visuoperceptual skills, including well below average constructional skills. In these assessments there was no indication of difficulty with complex language comprehension, though speech was reported as "mildly dysnomic." More precise understanding of S's dysnomia is not known because no scores were listed in the report, but her dysnomia is not severe enough to be noticeable in normal conversation. Her memory was described as generally adequate with no marked distinction between verbal and visual memory. Problemsolving skills were reported to be within the average range. Her academic skills in reading and math were well below average. The neuropsychological assessment at age 11 was comprised of the following: Beery Test of Visuomotor Integration, Boston Naming Test, California Verbal Learning Test, three subtests (not specified in the report) of the Children's Memory Scale, Facial Recognition Test, Token Test, Rey Osterrieth Figure, the Wechsler Individual Achievement Test, and the Wechsler Intelligence Scale for Children-III (WISC-III). The only raw scores provided in the report of the neuropsychological evaluation were the WISC-III. All available test scores are presented in Table 2 .
Neuropsychological testing procedures
Consent from the mother and assent from the child were obtained at the beginning of the study, consistent with the approved human subjects protocol by the Stanford Panel on Human Subjects in Medical Research. (Woodcock, McGrew, & Mather, 2001) , the GORT-4 (Wiederholt & Bryant, 2002) , Test of Word Reading Efficiency (TOWRE) ; Phonological Processing-Comprehensive Test of Phonological Processing (CTOPP) ; Language-Clinical Evaluation of Language Fundamentals-4 (CELF-4) (Semel, Wiig, & Secord, 2003) , Controlled Oral Word Association Test, Animal Naming Test, Boston Naming Test-2 (Kaplan, Goodglass, & Weintraub, 2001) ; Executive Function-Wisconsin Card Sorting Test (Heaton, Chelune, Talley, Kay, & Curtis, 1993) ; Memory-Wechsler Memory Scale-III (Wechsler, 1997) .
Imaging methods: DTI
Diffusion-weighted imaging (DWI) data were acquired on a 1.5 T Signa LX (Signa CVi, GE Medical Systems, Milwaukee, WI) using a self-shielded, high performance gradient system capable of providing a maximum gradient strength of 50 mT/m at a gradient rise time of 268 s for each of the gradient axes. A standard quadrature head coil, provided by the vendor, was used for excitation and signal reception. Head motion was minimized by placing cushions around the head and securing a Velcro strap across the forehead.
The DWI protocol used eight 90-s whole-brain scans; these were averaged to improve signal quality. The pulse sequence was a diffusion-weighted single-shot spin-echo, echo planar imaging sequence (TE = 63 ms; TR = 6 s; FOV = 260 mm × 260 mm; acquisition and reconstruction matrix size = 128 × 128; bandwidth = ±110 kHz; partial k-space acquisition). We acquired 56 axial, 2 mm thick slices (no skip) for b = 0 and b = 800 s/mm 2 . The higher b-value was obtained by applying gradients along 12 different diffusion directions (six non-colinear directions). Two gradient axes were energized simultaneously to minimize TE. The polarity of the effective diffusion-weighting gradients was reversed for odd repetitions.
DTI data were pre-processed using a custom program that removed eddy current distortion effects and determined a constrained non-rigid image registration using normalized mutual information (Bammer et al., 2001) . The six elements of the diffusion tensor were determined by multivariate regression (Basser, 1995; Basser & Pierpaoli, 1996) . The eigenvalue decomposition of the diffusion tensor was also computed.
For each subject, the T2-weighted (b = 0) images were coregistered to the corresponding T1-weighted 3D SPGR anatomical images. The coregistration was initiated using the scanner coordinates stored in the image headers to achieve an approximate alignment. This alignment was refined using a mutual-information 3D rigid-body coregistration algorithm from SPM2 (Friston & Ashburner, 2004) . Several anatomical landmarks, including the anterior commissure (AC), the posterior commissure (PC) and the mid-sagittal plane, were identified by hand in the T1 images. With these landmarks, we computed a rigid-body transform from the native image space to the conventional AC-PC aligned space. The DTI data
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A.M. Rauschecker et al. / Neuropsychologia xxx (2008) were then resampled to this AC-PC aligned space with 2 mm isotropic voxels using a spline-based tensor interpolation algorithm (Pajevic, Aldroubi, & Basser, 2002) , taking care to rotate the tensors to preserve their orientation with respect to the anatomy (Alexander, Pierpaoli, Basser, & Gee, 2001 ). The T1 images were resampled to AC-PC aligned space with 1 mm isotropic voxels. We confirmed by visual inspection of each dataset that this coregistration technique aligns the DTI and T1 images to within 1-2 mm in the brain regions of interest. However, geometric distortions inherent in EPI acquisition limit the accuracy in regions prone to susceptibility artifacts, such as orbito-frontal and anterior temporal regions. We used standard non-linear spatial normalization methods from SPM2 to align the 54 control brains and build a template from them (see Dougherty et al., 2005) . The diffusion data for subject S had significant geometric distortions in the cerebellum and inferior occipital lobe due to the spinal fusion hardware in her neck. For this reason, we independently aligned her T1-weighted images and her DTI data to the control template brain. S's T1-weighted images were aligned to the control brain T1-weighted template; her DTI data were normalized to this same coordinate space by aligning her non-diffusion-weighted EPI data to the template EPI. The resulting non-linear deformation was applied to the tensor field, taking care to rotate the tensors to preserve their orientation with respect to the anatomy by converting the local deformation field at each voxel to an affine transform and then applying the preservation of principal direction algorithm to the tensor at each voxel (Alexander et al., 2001) .
The final result of these image manipulations produced a good alignment both between S's T1 and tensor data and between her brain and that of the 28 controls, as assessed by careful visual inspection. However, some severe artifacts due to the metal implants remained in the lower part of S's tensor data, especially in the cerebellum. Therefore, we restricted our analyses to the axial plane at or above the anterior commissure (Z ≥ 0), which was about one centimeter above the artifact region.
Because we had suspected that certain pathways might be missing in subject S's brain, we did not want to compute the spatial normalization based on the diffusionweighted data [e.g., using a method such as FSL's TBSS (Smith et al., 2006) ]. Such methods are useful for finding diffusion differences between corresponding pathways but are not designed to find differences that might include the presence or absence of pathways.
Imaging methods: fMRI
We used an auditory covert verb generation paradigm to measure language related brain responses in S and identify lateralization for language stimuli (Briellmann et al., 2006; Holland et al., 2001; Rowan et al., 2004) . Auditory presentation was used to overcome S's reading difficulties (Kipervasser et al., 2008; Szaflarski et al., 2006) . During the scans, S was asked to covertly generate verbs for each presented noun, and listen attentively to noise stimuli. We confirmed, using a short behavioral test, that S could perform the task overtly at a presentation rate of one word every 3 s. Experimental stimuli consisted of high-frequency English nouns, presented aurally through MRI compatible headphones (Avotec, Inc., Stuart, FL). Control stimuli were auditory noise patterns created by randomizing the phase of the word stimuli, while maintaining their amplitude envelope. Each condition was repeated in six 15 s blocks (consisting of 5 stimuli, ISI = 3 s) presented in pseudorandom order and interleaved with 15 s rest periods. The whole experiment was divided into 2 short runs, 207 s per run. Continuous MR data acquisition was used during these runs.
FMRI measurements were performed on a 3T General Electric scanner with a custom-built volume head coil. Subject head motion was minimized by placing padding around the head and tape across the brow. Functional MR data were acquired with a spiral pulse sequence (Glover, 1999) . Twenty-six oblique slices were prescribed approximately along the AC-PC plane, covering the whole temporal lobe and most of the frontal lobe (3 mm thick, no gap). The sampling rate of the BOLD signal (TR) was 3 s and the voxel size was 2.5 mm × 2.5 mm × 3 mm.
In-plane anatomical images were acquired before the functional scans using a fast SPGR sequence. These T1-weighted slices were taken at the same location of the functional slices, and were used to align the functional data with the high-resolution T1 anatomical data acquired on the 1.5 T scanner during the DTI scan session. The spiral sequence used for the fMRI was much less affected by the spinal fusion hardware in S's neck than the EPI-based DTI sequence, so no additional steps were necessary to obtain adequate alignment between the fMRI data and the subject's T1-weighted anatomical images.
FMRI data were analyzed using the freely available mrVista tools (http://white.stanford.edu/software/). Images acquired from the functional scans were inspected for motion by an experienced analyst, who concluded that excessive motion in the second run (>5 mm) was not corrected by our motion compensation procedure. Therefore, the analysis was restricted to the first run. Our results thus rely on one functional run in which each condition was presented in 3 blocks. This is not uncommon in neurological patients and constitutes the main reason for using a powerful task that is known to activate language regions robustly even with very short scans (Kipervasser et al., 2008) . Baseline drifts were removed from the time series by high pass temporal filtering. A small amount of spatial smoothing (with a 3 mm FWHM Gaussian kernel) was applied to the data to enhance sensitivity to small signal changes. A general linear model (GLM) was fit to each voxel's time course, estimating the relative contribution of each condition (verb generation, auditory noise) to the time course. GLM predictors were constructed as a boxcar for each condition convolved with a standard hemodynamic response model. Statistical maps were computed as voxel-wise t-tests for each predictor and between the weights of the two predictors. For visualization purposes, the statistical maps were interpolated to the high-resolution volume anatomy.
Results
Cognitive functioning of S
S is strongly right-handed as assessed by the EHI [Laterality Index = 82] (Oldfield, 1971) . She exhibited generally consistent intellectual abilities over the time she was formally evaluated, with relatively average verbal abilities and well below average visuospatial abilities (see Table 2 , Intellectual functioning). Her working memory abilities were well below average. Though the composite WMI from the WISC-IV is slightly different than the older version of the WISC-III's FD, the ability to hold auditory information in storage for a brief period was well below average. A similar level of impairment was observed on two tasks of phonological memory (i.e., repeating numbers and nonwords). In addition, spatial span, a domain of working memory, was well below average. Processing speed was borderline deficient, which appeared to have fluctuated over time, but now the composite score for this domain is similar to the first assessment. She continues to show notable problems with all aspects of reading, including oral reading of single words and nonwords, as well as text comprehension. Although she is able to name letters, reading speed is very slow and she has difficulty with reading comprehension. Reading ability is well below average (approximately at a second grade level). A written math test showed scores also falling well below average. S exhibited variable memory ability. Although her immediate recall of list items was well below average, her retention rate over 30 min is considered to be average, compared to same age peers. Immediate recognition memory for faces was average, whereas after 30 min it was below average. Conceptual reasoning, a component of executive functioning, was superior as assessed by a card-sorting test, suggesting that S's learning difficulties were not due to a diffuse global effect.
S performed well below average on all phonological processing measures (CTOPP). This included aural tests involving the ability to separate sounds of words (Elision), put sounds together to form words (Blending Words), repeat digit strings (Memory for Digits) and nonwords (Nonword Repetition), and quickly retrieve the names of letters (Rapid Letter Naming) and digits (Rapid Digit Naming).
S's cognitive functioning is notable for relatively spared oral language skills. Language testing involved measures of vocabulary, comprehension of aurally presented information, repetition of sentences, putting words together to form sentences, generating words, and confrontation naming. S's ability to repeat sentences within the average range is of particular interest given the missing left arcuate fasciculus (see below). It is also surprising given her below average auditory working memory. Although she exhibited weaknesses on a subtest of the CELF-4 (Semantic Relationships) and a measure of phonemic fluency (Controlled Oral Word Association Test), with both performances below average, her overall language abilities were within the average range. Some of the errors on the Semantic Relationship subtest involved problems with spatial associations, alphabetic sequencing, and temporal sequencing, so her below average performance can be attributed to impaired visuospatial abilities and the fact that she is unable to learn the alphabet. Likewise, difficulty with phonemic fluency but normal semantic fluency has been reported in individuals with dyslexia because of their inherent weakness relying on phonemic cues for access to the lexicon (Frith et al., 1995; Paulesu et al., 1996) . It is also possible that auditory working memory difficulties contribute to low scores on the semantic relationships subtest of the CELF-4, and that although many of S's language performances are within the normal range, she may have difficulty with complex language concepts. .M. Rauschecker et al. / Neuropsychologia xxx (2008) 
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Diffuse white matter differences
A clinical MRI was performed on S at age 5 years, 10 months; that is, approximately 9 months after completion of her radiation treatment. Axial slices from a T2-weighted spin-echo sequence are shown in Fig. 1 . The cystic regions had not yet formed at the time of this scan, but there is clear evidence of diffuse white matter differences. Medical records indicate that the cysts were evident in subsequent clinical MRIs performed at age 7 years, 7 months (not shown). As is typical for radiation necrosis, the cysts and diffuse damage stabilized and persisted. The cystic regions and diffuse white matter pathology in subject S were apparent in all the scans that we performed at age 15 (see Fig. 2 ). In particular, note the increased mean diffusivity (MD) and reduced fractional anisotropy (FA) in Fig. 2 , panels C and E. A control brain is shown in panels B, D and F for comparison. Based on these data and on previous studies showing treatment-induced FA differences (e.g., Leung et al., 2004) , we expected her FA to be significantly reduced and her MD to be significantly elevated relative to the control brains in most of the white matter, and this was indeed the case (analysis not shown).
Tensor-orientation differences
Diffuse, permanent white matter pathology likely indicates damage to the glia in the white matter (Belka et al., 2001; Nagesh et al., 2008) . However, we also wanted to know if specific fiber pathways were morphologically different in S's brain. The principal diffusion direction (PDD) maps for S are shown in Fig. 3A , the group-average PDD map is shown in Fig. 3B , and a typical control PDD map is shown in Fig. 3C . While S's PDD maps look relatively normal in most regions outside of the three cysts, we suspected differences in the region of the superior longitudinal fasciculus (SLF) based on preliminary inspection of the PDD maps.
To test for the possibility of missing or morphologically abnormal pathways, we performed a one-sample version of the tensor eigenvector test for tensor-orientation differences described in Schwartzman (2006) . This test compares the orientation of the frame of eigenvectors of the tensors in S's brain to the orientation of the frame of eigenvectors of the corresponding mean tensors in the control brains and produces a test statistic at each voxel. The p-values obtained from this statistic indicate the probability of obtaining a tensor orientation like that of S's brain from the distribution of the control-brain tensors at that same voxel. The results of this test are presented in Fig. 3D . We controlled the expected value of the false discovery rate (FDR) such that no more than 5% of the statistically significant voxels in Fig. 3D are expected to be false positives.
This analysis shows that in most regions of S's white matter, the tensor orientations (i.e., the eigenvectors) are not significantly different from those of the controls. However, several regions were significantly different from the control brains, including a large region in the vicinity of the SLF.
We checked the specificity of the tensor eigenvector orientation difference test by performing it on several individual brains (comparing them to the same control group) that were not part of the 28 control brains, including two young adults (one male and one female, both age 23) and two children (one male, age 8; one female, age 12). No differences were found, indicating that this test is sensitive only to major changes such as those seen in S, and not to normal individual variation.
We find that there is no change in our results when we compare S to a larger control group (n = 54) that includes male subjects and individuals who meet criteria for dyslexia (Supplemental Fig. 1 ). These findings are evidence that the abnormalities we observe in S's brain are not typical of poor readers; S's abnormalities in the SLF are much more drastic and qualitatively different from the more subtle white matter differences found in developmental dyslexia (see Section 4). In addition, our results are robust to the inclusion of male subjects in the control group. Our statistical test is conservative in the sense that it only unveils large tract orientation abnormalities. We stress that other methods would likely be needed for uncovering less drastic differences, such as those that are dependent on age, gender, or subtle anatomical abnormalities.
Tractography analyses
To further understand the regions that showed significant differences in tensor orientation between S and the control group, we performed fiber tractography in S's brain and in the average of the control brains. While tractography through an average tensor map has been shown to be useful for visualizing the major white matter pathways (e.g., Catani, Jones, & Ffytch, 2005) , such analysis can miss many details. Therefore, we confirmed the average control brain tractography results (presented below) in several individual control brains (not shown).
Confirming the results of the tensor-orientation difference test, tractography revealed that most major white matter pathways, including the corticospinal, inferior occipitofrontal, and a large parietofrontal pathway, are morphologically normal by visual inspection in S compared to control subjects (Fig. 4) . However, although the corticospinal pathway is present bilaterally in S (white in Fig. 4A ), it tends to bulge laterally (above the level of the internal capsule) when compared to this pathway in controls (compare white to purple in Fig. 4A , Frontal View). This bulge is likely due to a displacement of these fibers to occupy an area that would normally contain the arcuate fasciculus, which is missing in S (see below). As a result, the tracts that now occupy this area in S have a different orientation than the normal SLF fibers in controls, and these changes are detected by the tensor-orientation statistical analysis described above. It is important to note that we find no evidence of additional tracts; rather, existing normal tracts that still connect the same areas of the brain simply take a slightly more lateral course to their destinations. This bulge also caused a bilateral difference between S and the control group in the internal capsule, resulting in the statistical differences in the more inferior slices of Fig. 3D . We believe the root cause of these internal capsule differences is the missing SLF pathways and thus we will focus subsequent analysis on those pathways. However, we must note the unlikely possibility that even if the cognitive changes were mostly due to the missing SLF pathways, the small differences in the paths of other tracts could play a role in S's difficulties. Moreover, we were unable to obtain reliable data below the level of the anterior commissure (Z = 0) due to artifacts from spinal fusion hardware, so we cannot comment on possible differences in these inferior slices. There was one additional abnormal region in the right forceps major and adjacent gray matter. This region appeared to be due to a small misregistration between S's corpus callosum and the control group. (The corpus callosum is particularly challenging to spatially normalize-see To explore the anatomical differences in S's brain, we intersected all white matter tracts in each hemisphere for S and controls with the statistically significant regions of diffusion tensor-orientation difference as regions of interest (ROIs). The differences in fibers passing through two of these ROIs between S and the control group are shown in Fig. 5 . Differences in the path of tracts seem to be due to the fact that large portions of the SLF, including the arcuate, are missing in S. The missing fibers lead to small but detectable differences in the location and direction of nearby fibers that are present in S, such as the left parietofrontal (Fig. 5A ) and right corticospinal (Fig. 5B) fibers. Thus, when we overlap S's brain with the average of the control subjects, S's fibers look as if some of them have shifted into the areas surrounding the normal location of the SLF. As a result, different fiber pathways occupy the identified regions in S compared to controls. Importantly, these pathways are also present in controls, but their paths are slightly misplaced in S. The resulting differences in fiber orientation are illustrated by the mean diffusion ellipsoid insets of Fig. 5 .
The cystic regions in S's brain are also white matter regions with significant differences from the control group, so we performed a tractography analysis on the cystic regions to find the tracts that occupy the equivalent areas in the control group. In general, tracts that pass through these regions in controls are still present in S, passing around the outside of these cysts. However, one major Ufiber connection was discovered in controls that we were unable to locate in S. This pathway passes directly through the area now occupied by the CSF-filled cyst in the anterior region of S's left hemisphere (Fig. 7B, yellow) , and appears to connect middle-frontal gyrus with precentral gyrus in the controls. The functional significance of this loss is unknown. Notably, the control-brain SLF fibers that we were unable to locate in S do not pass through these cystic regions.
To confirm that the AF and the U-fibers described above were indeed missing in S, an expert searched manually for these tracts. This search was done at several levels of FA threshold, down to a very liberal threshold of 0.1 (which minimizes false negative fibers, but can increase false positives). For the AF, a coronal plane in each hemisphere was defined approximately half way between the posterior temporal lobe and the inferior frontal gyrus. Since the AF would need to cross through this plane, we narrowed our search of white matter tracts to those intersecting this plane. All remaining fibers were grouped into tracts that connect distinct regions of the brain. Only one of these fiber tracts was found to resemble the left arcuate in S, connecting the temporal lobe to a part of ventral premotor cortex (white fibers in Fig. 7A ). Although this tract resembles the shape of the arcuate, it does not connect to the cortical regions expected for the arcuate, such as the left inferior frontal gyrus. The left inferior frontal gyrus was functionally confirmed as Broca's area in S using fMRI, as described below, yet no identifiable long-range connections reached this ROI.
To examine the possibility of functional cortical reorganization, S performed a verb generation task during a BOLD fMRI session. This procedure allowed us to confirm the location of S's Broca's area in (Fig. 3D ) that contain different pathways in S than in controls, as shown by tractography. To explain why we found statistical differences in fiber orientation, we used tractography to visualize, in S and in controls, the fibers passing through the regions of interest (ROIs) created by the statistical test. Two ROIs are shown here in red (A) and violet (B), transformed into 3D from Fig. 3D . Normal fibers in S take a path through the void created by missing SLF fibers. Blue (A) and green (B) fibers are SLF fibers present in controls that were subsequently shown to be absent in S. Instead, other fibers (displayed in white) course through the same areas in S. Note that for clarity, pathways shown are the major pathways passing through the ROIs but do not encompass all fibers through these areas. (A) In controls, the major pathway passing through the ROI (red) is the classical arcuate pathway (blue), while in S the major pathway through this area connects the parietal and frontal cortices (white). In controls, this parietofrontal pathway is located more medial (not shown in figure) . (B) In controls, a part of the SLF connecting temporal to frontal lobes (green) passes through the ROI, while in S, the corticospinal tract (white) is the major pathway passing through here. In controls, the corticospinal pathway is located more medial (not shown in figure) . Inset on bottom left in panel A shows superior view of an axial slice with location of ROIs (red and violet) and cysts (cyan-colored). Insets show diffusion tensor ellipsoids of S and control group within each ROI. Roughly, ellipsoids indicate the probability of diffusion in each direction within that ROI. Note the difference in principal axis direction of these ellipsoids between S and controls. Bars in ellipsoids: green = anterior, blue = superior, red = right. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) the left inferior frontal gyrus. Moreover, the pattern of activation in S clearly suggests left lateralization for language, matching the common patterns found in the healthy population of adults and children (Holland et al., 2001 ). Fig. 6 shows the statistical maps for the verb generation condition (Fig. 6A ) and the auditory control condition (Fig. 6B) . Verb generation engaged well-known language areas in the left hemisphere including left inferior frontal gyrus and anterior insula (in Broca's area, point of maximal activation in Talairach coordinates: [−40, 14, 10] ), and left posterior superior temporal gyrus (in Wernicke's area, point of maximal activation in Talairach coordinates: [−58, −50, 4]). Auditory noise stimuli activated the auditory cortex bilaterally (Fig. 6B) .
We placed S's functionally defined Broca's area in the same coordinate frame as her DTI data and confirmed that the tract resembling the arcuate pathway shape in S does not reach as far anterior as her Broca's area (Fig. 7A) . In fact, these pathways Fig. 7 . Control group pathways (colored) not found by tractography in S's brain. Cyan-colored ROIs represent cysts in S's brain. White ROI represents S's Broca's area as produced by verb generation during fMRI. Note that although tractography was guided by the results of the statistical test, the findings of missing tracts in S do not depend on the control group. (A) The "classical arcuate" pathway [blue for controls, see also Catani et al., 2005] is missing in the left and right hemispheres in S. One pathway resembling the shape of the arcuate was found bilaterally in S (white). Note, however, that this pathway connects different regions of cortex than in controls. In the left hemisphere, it does not connect to the left lateral-frontal language region identified in S by verb generation using fMRI (white ROI) and therefore cannot be the arcuate. (B) Indirect arcuate pathways [mahogany, olive; see also Catani et al., 2005] present in controls but not in S. S does have an anterior indirect segment in the right hemisphere (not shown), but is missing the posterior right and anterior and posterior left hemisphere segments. (C) Additional pathways not identified in S. Bilaterally, the normal SLF pathways present in controls (green, red) are not present in S. Additionally in the left hemisphere, a local U-fiber connection (yellow) present in the control group is missing in S. This pathway is positioned in a region where S's brain contains a CSF-filled cyst. We were unable to identify any similar pathways (i.e., connecting these two areas of cortex) in S in the area surrounding the cyst. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) appeared to enter cortex over 1 cm posterior to the most posterior part of the functionally defined Broca's area. In the right hemisphere, no arcuate pathway was found, although this is less surprising given that this right hemisphere pathway is not universal among the general population.
To search for the missing U-fibers described above, we dilated the ROI encompassing the anterior cyst by several millimeters to ensure that the missing U-fibers were not simply displaced. We found several other tracts in controls that passed through the cyst ROI, and these tracts were present in S and generally surrounded the cyst, as if they have been pushed out of the way by the fluidfilled cyst in S. However, we did not find any evidence for S having the U-fibers shown in Fig. 7B (yellow) .
Discussion
Radiation can produce damage to specific pathways
Our results indicate that damage from radiation-induced white matter necrosis can be both diffuse and focal. In previous studies of radiation-induced white matter necrosis, diffuse changes in fractional anisotropy (FA) and mean diffusivity (MD) due to radiation treatment have been shown to correlate with decreasing IQ Mabbott, Noseworthy, Bouffet, Rockel, & Laughlin, 2006) . In this study, we propose that more specific cognitive deficits may be linked to acute damage to particular fiber tracts, such as the arcuate fasciculus (AF). As in similar cases, S presents with diffuse white matter differences in T1-and T2-weighting as well as diffusion (e.g., Chan, Yeung, Leung, & Chan, 2003; Khong et al., 2003) . Such diffuse changes likely caused some of the global cognitive deficits that we see in S. Yet, despite these diffuse changes, our results suggest that the majority of pathways appear to be morphologically intact and show a normal pattern of connectivity in most regions. Thus, although all white matter may be affected in some common way by radiation, the regional connectivity is largely preserved. Chemotherapy, although not emphasized here because of its uncertain effects, may also have a global impact on cerebral white matter pathology (Asato et al., 1992) , especially when used in combination with radiation treatment (Fouladi et al., 2004; Reddick et al., 2006) . In contrast to such global pathology that would be expected to cause global cognitive deficits, several specific tracts, including those comprising large portions of the superior longitudinal fasciculus (SLF), are missing in S. In some parts of the white matter, the missing tracts left CSF-filled cysts, but in most other parts, neighboring normal tracts filled the void. Thus, cysts do not necessarily signify missing tracts in white matter. Because of this, it would be difficult if not impossible to estimate which pathways are abnormal without using diffusion MR and tractography. We hypothesize based on our findings in a single patient that specific cognitive deficits, such as reading problems, may be caused by the loss of specific white matter pathways following radiation treatment. Future studies should test this hypothesis in a larger group of patients.
Functions of the arcuate fasciculus
The results of this paper support the idea that at least some cases of alexia can be explained by a disconnectionist account (Epelbaum et al., 2008) , since radiation treatment primarily affects white matter. Indeed, the most striking feature of S's brain is the missing AF in both hemispheres (Fig. 7) . While the diffuse white matter differences would be expected to produce some cognitive deficits, it is tempting to attribute S's profound reading deficit to the particular damage to the missing AF fibers, as this pathway connects regions crucial to language, including Broca's and Wernicke's areas, and is thought to be critical for proficient language and reading.
Acute lesions of the left arcuate are traditionally thought to produce a conduction aphasia evidenced by phonemic paraphasias and a reduced ability to repeat sentences, but with intact language comprehension and fluent speech (Damasio & Damasio, 1980) . Despite the missing AF, S has relatively normal oral language in general and an average ability to repeat sentences. Thus, S does not exhibit a conduction aphasia. Other studies have shown intact sentence repetition with lesions of the AF (Selnes, van Zijl, Barber, Hillis, & Mori, 2002; Shuren et al., 1995) . This case provides additional evidence that the ability to repeat sentences is not necessarily dependent on the AF.
Functions associated with the AF in the dominant (left) hemisphere have been proposed for many years, but less is known about the homologous pathway in the right hemisphere. One section of the right AF near the inferior parietal lobe may be associated with visuospatial processing (Barrick, Lawes, Mackay, & Clark, 2007; Buchel et al., 2004) , a domain in which S has extreme difficulty. Though the relationship between reading and the right AF has not been systematically studied, there is evidence from lesion and imaging studies that the right hemisphere may play a role in orthographic processing (Tagamets, Novick, Chalmers, & Friedman, 2000) , as well as providing a compensatory role in dyslexic readers (Coltheart, 2000; Shaywitz, Lyon, & Shaywitz, 2006; Simos et al., 2007) . Considering that S is missing all segments of the AF in both hemispheres, we speculate that these losses may be related to her poor performances in reading, visuospatial processing, and working memory capabilities for both auditory and spatial information. S's problems are not limited to reading, and it is likely that the diffuse white matter damage seen on T1 and T2-weighted MRI contribute to her global cognitive deficits.
DTI has allowed us to discover more focal anatomical abnormalities in the SLF, including an absent AF, that go beyond the diffuse damage seen with conventional MRI. Given that reading, working memory, and visuospatial skills are relatively more impaired compared to other cognitive tasks such as language, processing speed, and verbal memory, we think that these particular impairments may be best explained by the focal anatomical abnormalities. Precise parceling out of the abnormalities and their effects on S's reading is not possible given the retrospective design of the study, but discussion of some of her cognitive impairments in the context of her reading problems is warranted. A broad model of reading postulates that phonological awareness, phonological memory, and rapid naming contribute to skilled reading ability. An association has been made among impaired phonological awareness and impaired automaticity retrieving names of digits, numbers, colors and objects and the ability to acquire reading skills. According to Wolf (1991 Wolf ( , 1997 and Wolf and Bowers (1999) , individuals with problems in both phonological awareness and rapid naming skills are considered to have a "double deficit" which is thought to be more resistant to reading interventions. This is compatible with S's history in that S has undergone extensive reading remediation but continues to have significant problems in reading. Although a missing AF is certainly not a requirement for double-deficit dyslexia, it is likely that the missing AF in S, as well as her more diffuse damage, have contributed to these profound deficits.
We do not believe that the differences in S's brain reported here are directly related to white matter differences in developmental dyslexia that have been reported recently. These reports show reduced FA in white matter regions in (Klingberg et al., 2000) or near (Beaulieu et al., 2005; Deutsch et al., 2005; Niogi & McCandliss, 2006 ) the AF. Those differences involved FA, which is a function of the eigenvalues, while the effects reported here involve the eigenvectors, or the orientation of fibers. When the principal diffusion direction (PDD), which is the first eigenvector, was directly tested in developmental dyslexia (Schwartzman, Dougherty, & Taylor, 2005; Schwartzman, Dougherty, & Taylor, 2008) , no differences were found in the arcuate region, although subtle differences were found in more anterior regions. Another study of developmental dyslexia reported that poor readers may have additional interhemispheric connectivity . While the FA and PDD differences in developmental dyslexia are possibly due to subtle morphological differences between good and poor readers (Ben-Shachar, , the differences reported here are much more radical and pervasive. It is clearly not the case that individuals with developmental dyslexia have missing AFs. Also, while we cannot rule out the possibility that S had developmental dyslexia before her illness, this is not likely given the relatively low incidence of dyslexia and S's normal cognitive development before onset of treatment.
Moreover, while the association between the missing AF and profound dyslexia described here in S is suggestive, it is by no means conclusive. Given that S has suffered other medical problems, such as high-frequency hearing loss due to an epidural hematoma of the right parietal region, this single case study cannot conclusively implicate the AF in the acquisition of reading skills. Medical records indicate that there were no changes in cognitive abilities following the hematoma. Thus, the epidural hematoma and highfrequency hearing loss cannot explain S's difficulties in learning to read, although we cannot say whether they may have added additional barriers to reading acquisition beyond those already present following radiation treatment.
The most striking anatomical abnormality is the loss of white matter pathways that we have identified, while the most striking functional abnormality to S and her family is her difficulty to learn to read. This correlation is remarkable, but due to the correlational nature of the study we cannot fully tease out whether the anatomical differences are a cause or a result of functional disturbances. We must acknowledge that some of the observed structural differences could be a result of differing levels of learning in S compared to controls (but see Section 4.3), rather than being a cause of learning disabilities. Longitudinal DTI studies of patients with and without reading difficulties following radiation treatment should be performed to confirm or deny the suspicion that the AF is causally implicated in reading acquisition. Moreover, these studies will need to tease out the role of the direct and indirect arcuate pathways (Catani et al., 2005) in reading. Our results are nevertheless consistent with the specific hypothesis that loss of the AF can cause a pure alexia due to disconnection of the ventral reading system from perisylvian and anterior language areas (Epelbaum et al., 2008) , especially since all segments (direct and indirect) of the left AF are missing in S (Fig. 7A and B) .
Why the SLF?
Curiously, the SLF seems to be the only major long-range connection severely affected by radiation treatment in S. One possible interpretation is that the SLF was one of the most actively developing pathways in S's brain when she underwent radiation therapy, and thus it was the most severely affected of the major pathways. It is known that maturation of white matter continues throughout childhood and even into adulthood (Courchesne et al., 2000; Paus et al., 1999) . Post-mortem and structural MRI studies have provided evidence that the developmental course of white matter occurs in a caudal-rostral (inferior to superior and posterior to anterior) fashion with motor and sensory tracts developing before association fibers (for review, see Lenroot & Giedd, 2006) . The AF has been visualized in infants between the ages of 1 and 4 months (Dubois et al., 2007) , but it is not fully myelinated until later in life, around the second or third decade (Ashtari et al., 2007; Paus et al., 1999; Schmithorst, Wilke, Dardzinski, & Holland, 2002; Yakovlev, 1967; Zhang et al., 2007) . Paus et al. (2001 Paus et al. ( , 1999 reported significant age-related changes in the density of the white matter in the left AF in 111 children ages 4-17 years. Since radiation treatment has a particularly destructive effect on oligodendrocyte progenitor cells (Belka et al., 2001; Panagiotakos et al., 2007; Schultheiss, Kun, Ang, & Stephens, 1995; Tofilon & Fike, 2000) , it is plausible that this intervention may affect developing or undeveloped white matter most severely, since this tissue would have the highest requirement for progenitor cells.
An alternative explanation of the specificity of white matter loss would be that the dose of radiation was unevenly distributed throughout S's brain. While we were not witness to S's radiation treatments, nothing in her extensive records suggests that the radiation would have been particularly focused in the region of the brain where the AF resides. Also, the fact that homologous pathways were affected in both hemispheres argues against a dose-effect and in favor of the hypothesis that the arcuate is particularly vulnerable to radiation damage during childhood. Notably, at least one report indicates that regional susceptibility of white matter damage (despite equal radiation doses across regions) does exist (Qiu, Leung, Kwong, Chan, & Khong, 2006) . Longitudinal studies using radiation in developing animals may provide insights into this question of selective toxicity in the future. Knowledge about selective vulnerability to radiation at various stages of development would be critical information for patients and their physicians in allowing optimization of whole-brain as well as focal irradiation treatment strategies (e.g., modification of drug or radiation regimen as well as early neuropsychological intervention).
Advantage of DTI over conventional MRI
Damage produced as a result of radiation treatment is usually selective to white matter (Valk & Dillon, 1991) ; moreover, neurocognitive decline in patients with late-delayed effects is correlated with the severity of white matter lesions (Reddick et al., 2006) . However, conventional MR lacks the ability to detect early injury, during a period where it may still be reversible. DTI allows non-invasive visualization of white patter pathways and may therefore provide more specific and sensitive prognoses for patients. This possibility is especially pertinent given that changes in DTI measurements occur at an earlier stage than cognitive changes or effects seen with conventional MR (Khong et al., 2005) . While traditional MRI can yield information about the general area of affected white matter (e.g., Palmer et al., 2002) , DTI can be used to more precisely identify and characterize those pathways that are damaged.
Several recent studies have focused on using DTI in patients with radiation necrosis to measure decreases in FA. Mean FA across large regions of white matter has been shown to correlate with IQ Mabbott et al., 2006) , age of treatment, and deterioration of school performance (Khong et al., 2003 (Khong et al., , 2005 . Differences in FA between radiation treatment patients and controls have also been measured on a voxel-wise basis (Leung et al., 2004) , showing that regional decreases in FA are generally but not always correlated with radiation dose .
Measuring FA allows the degree of directionality (i.e., anisotropy) of diffusion within white matter to be determined. However, this does not take into account the direction of diffusion. Using the tensor-orientation statistic, we quantitatively compared a single subject to a group of controls. By using diffu-sion tractography in conjunction with our statistical comparison of tensor-orientation differences, we were able to identify specific tract abnormalities in an individual patient. This test is especially sensitive to the displacement of existing tracts-in this case due to the loss of neighboring tracts. Similar changes can also result from other pathologies, such as a brain tumor pushing fibers out of the way. Therefore, this analysis has a potentially wide array of medical applications.
Being able to draw inferences about an individual by comparing the individual's data to a group of controls is very meaningful. Ideally, our control group might have been more closely matched in age to S. However, comparing individual young adults to our control group, we have shown that our statistical test is not sensitive to changes that are dependent on age. Moreover, we stress that tractography results in S are independent of and therefore unaffected by the choice of control group.
Our findings provide a compelling anatomical account of S's dyslexia that is a result of earlier medical treatment. An explanation of the difficulties that burden individuals afflicted by cognitive problems has the potential to provide reassurance to those individuals and their families, as it has for S and her family. Therefore, an approach such as the one presented here, which provides probabilistic estimates of white matter abnormalities in an individual, can be highly valuable for patients in a clinical setting.
Conclusions
We have shown that it is possible to quantitatively compare white matter regions in a single subject with DTI data from a group of controls. Such a technique may prove very powerful in a clinical setting, where inferences made on a group level are less helpful than those made for an individual.
Our results demonstrate that in cases of radiation-induced necrosis, diffuse white matter differences evident in T2 and diffusion images may be accompanied by complete loss of specific pathways. The loss of large pathways may be evident in T2 images by cystic regions somewhere along the pathway, but as we have shown, this is not always the case. Careful analysis of the white matter using DTI combined with tractography is crucial for a more complete understanding of the changes caused by radiationinduced necrosis.
In the case of S, radiation and chemotherapy treatment resulted in some diffuse white matter damage, combined with loss of several tracts comprising the superior longitudinal fasciculus, including the arcuate pathway. This specific loss is an intriguing explanation for S's profound reading problems.
